Lung cancer, as the most common malignancy worldwide, is one of the most threatening diseases for human beings. Chan Su, an ethanolic extract from skin and parotid venom glands of the Bufo bufo gargarizans Cantor, is widely used as a traditional Chinese medicine in cancer therapy. Bufadienolides are cardiotonic steroids isolated from the skin and parotid venom glands of toad Bufo bufo gargarizans 
Introduction
Lung cancer, as one of the most frequently occurring cancers throughout the world, has plagued human beings for a fairly long time. According to epidemiological studies, about 80% of lung cancers are non-small cell lung cancer (NSCLC), which would lead to poor prognosis, and the rest (at about 20%) is small cell lung cancer.
1 Till now, the clinical treatment regimes for lung cancer include surgery, chemotherapy and radiotherapy. While chemotherapy has signicantly improved the therapeutic effect and the quality of patients' lives, its anticancer efficacy and safety remain critical barriers for cancer treatment. For instance, multidrug resistance is the major cause for the failure of chemotherapy.
2 Therefore, there is still an urgent need to discover novel agents with therapeutic potentials for lung cancer treatment. 3 The recent interest of scientists has been focused on seeking natural products as chemotherapeutic agents for lung cancer treatment. [4] [5] [6] [7] [8] [9] For instance, studies have reported hyperoside induced lung cancer cell apoptosis and suppressed inammatory response via caspase-3-and NF-kBmediated signaling pathway. 6 Meng and co-workers found out that luteolin exhibited a pro-apoptotic effect and anti-migration effects on lung adenocarcinoma cells by regulation of the MEK/ ERK-mediated pathway. 7 These studies have conrmed the application potential of natural products in therapy of lung cancers.
Toad venom (Venenum Bufonis, also called Chan'su), extracted from the dried skin secretions of giant toads (Bufo gargarizans Cantor), has now been widely used as a traditional Chinese medicine for the therapy of various kinds of cancers. [10] [11] [12] [13] [14] In traditional Chinese medicine, amphibian skin extract has been used for the treatments of several diseases.
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Many studies have reported that toad skin extract and its components enabled to inhibit cancer cell growth, migration and invasion via different mechanisms. 32 Liu and co-workers have reported that the novel bufalin derivative exhibited higher apoptotic effect against lung cancer cells and lower acute toxicity in mice model. 33 Chen's group has reported that bufadienolides exhibited the strongest cytotoxic effect against lung carcinoma cell line, including SPC-A-1 cells and A549 cells. 15 Taken together, these results have supported the therapeutic potential of toad venom and its active components in treatments of lung cancers.
Cinobufagin (CnBu) is a novel bioactive component from the traditional Chinese medicine Asiatic toad Bufo bufo gargarizans, and has been reported to exhibit potent pharmacological activity. [34] [35] [36] [37] [38] [39] In particular, recent studies have demonstrated the broad-spectrum cytotoxicities of CnBu against various human cancer cell lines. 34, 35, 37, 39 For instance, Zhang et al. have shown that CnBu effectively inhibited cancer growth by triggering AKTmediated intrinsic apoptotic pathway in non-small lung cancer cells. 39 Ma et al. found out that CnBu could induce autophagymediated cell death in human osteosarcoma U2OS cells through the ROS/JNK/p38-mediated signaling pathway. 37 Chen et al. showed that CnBu could be used to treat paw cancer pain by modulating the expression of local b-endorphin. 35 These results have demonstrated the potential of CnBu in cancer therapy. However, the in vivo anticancer effects of CnBu on human lung cancer cells and the underlying action mechanisms were still unknown. Therefore, in this study, the in vitro and in vivo anticancer activities of CnBu were examined against human lung cancer cells, and the underlying action mechanisms were also investigated. Our ndings indicated that CnBu effectively inhibited the growth, migration and invasion of lung cancer cells via the induction of cell apoptosis. Treatment of cancer cells also signicantly activated mitochondrial fragmentation and ROS overproduction. Interestingly, addition of ROS scavenger signicantly inhibited the CnBu-induced cell death, indicating the important role of ROS on triggering cell apoptosis. Moreover, CnBu exhibited strong anti-proliferative efficacy in vivo through the induction of apoptosis in vivo and activation of p53 phosphorylation.
Results and discussion
Inhibition of lung cancer cell proliferation, migration, and invasion induced by CnBu, Bu and ArBu
The purity of CnBu was demonstrated by using high performance liquid chromatography (HPLC) before screening its cytotoxicity ( normal bronchial epithelial cells (reaching to 22.3 mM). Among the different types of lung cancer cells, A549 cells were the most vulnerable cell line towards CnBu treatment, thus A549 cells were selected as the cell model for further mechanism studies. Because lung cancer cells were highly metastatic, we next examined the anti-metastatic effect of CnBu on A549 cells in vitro. In this study, wound closure assay and transwell migration assay were performed to evaluate the invasion and migration ability of A549 cells aer the treatment of CnBu. Before the experiment, we have conrmed that CnBu at 2 and 4 mM showed no growth inhibitory effect on A549 cells with the cell density at 1 Â 10 6 per well. Under these experimental conditions, we found out that 2 and 4 mM of CnBu effectively inhibited migration ( Fig. 2) and invasion of A549 cells (Fig. 3) . Above all, these results commonly suggest that CnBu exhibited strong inhibitory effect on cancer growth, invasion and migration.
A549 cell apoptosis induced by CnBu
Cell apoptosis has been detected in various kinds of human chronic diseases especially in cancers. 40 Therefore, apoptosis induced by drugs in cancer cells has been regarded as an efficient strategy to treat cancers. 41 Many studies have demonstrated that most anticancer drugs exhibited strong anticancer activities by triggering cell apoptosis.
42 Based on our previous results, CnBu exhibited stronger anticancer ability than ArBu and Bu. Hence, the mechanism of CnBu-caused cell death was claried and demonstrated by using TUNEL & DAPI co-staining assay. The fragmented DNA in the apoptotic cells can be detected and visualized by the uorescence of FITC. The nucleus can be stained by DAPI. As shown in Fig. 4 , DNA fragmentation and nuclear condensation were detected in A549 cells aer treated with CnBu, as evidenced by strong green uorescence in a dose-dependent manner, which suggested that A549 cells were undergoing apoptosis aer the exposure to CnBu.
Caspases, playing an critical role on the induction of cell apoptosis, is a family of cysteine proteases that manipulate the enzymolysis process of series of substrates. 43 Activated caspases subsequently induced proteolytic cleavage of PARP and lead to cell apoptosis in the end. 43 Cell apoptosis is mainly triggered by two mechanisms, including extrinsic (death receptor-mediated) and intrinsic (mitochondrial-mediated) apoptotic pathways. Therefore, the caspase activities including caspase-3, caspase-8 and caspase-9 in cells treated with CnBu were evaluated to conrm the vital role of caspase in the process of cell apoptosis. As shown in remarkably induced the activation of all three caspases in a dosedependent manner by quantifying uorescence intensity. These results revealed that CnBu induced apoptosis in lung cancer cells through the activation of caspase.
CnBu triggers mitochondria dysfunction and ROS overproduction
Mitochondria dysfunction, as an important incidence in the process of apoptosis, have a vital role in triggering various apoptotic signals. 34 Mitochondrial dysfunction mainly include mitochondrial fragmentation, decrease of mitochondrial membrane potential (Dj m ) which may lead to the release of factors contributing to the activation of apoptotic cell death. 44 As shown in Fig. 5 , the much higher level of caspase-9 suggested that mitochondria play a much more important part in the process of cell apoptosis than that of the death receptormediated pathway. Correspondingly, in this study, the mitochondria fragmentation was observed in A549 cells aer treated with CnBu, as denoted by the white arrow, suggesting that CnBu induced apoptosis in lung cancer cell via initiation of mitochondria-mediated apoptotic pathways.
Reactive oxygen species (ROS) was found to play an critical role in cell apoptosis via activation of mitochondrial dysfunction. 45 Overproduction of intracellular ROS may cause DNA damage and then initiate different apoptosis-related signaling pathways, such as p53 pathway.
46-49 Considerable evidence revealed that ROS have a signicant inuence on the initiation of signaling pathways in general chemotherapies.
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Considering the observed mitochondria dysfunction in A549 cell aer treatment of CnBu (Fig. 6) , we next set out to evaluate the generation of ROS in A549 cells with DHE as the uores-cence probe. As shown in Fig. 7A , treatment of A549 cells with different concentrations of CnBu signicantly induced the overproduction of ROS in a time-and dose-dependent manner. Moreover, to verify the importance of ROS in the process of cell apoptosis, N-acetylcysteine (NAC), a ROS scavenger, was introduced to evaluate its effects on the process of CnBu-caused cell death. As shown in Fig. 7B , pre-incubation of the cells with NAC (1 mM) for 2 h greatly suppressed CnBu-induced cell death, which conrmed that ROS have an unparalleled inuence on the apoptosis of human lung cancer cells induced by CnBu.
In vivo anticancer efficacy of CnBu through activation of p53 phosphorylation
The antitumor efficacy of CnBu in vivo was evaluated in A549 xenogra nude mice. Aer treatment of i.p. (2.5 and 5.0 mg kg À1 body weight every other day) for four weeks (28 days), the tumor weight was remarkably reduced from 2.5 g to 1.6 and 1.1 g respectively. The tumor-inhibition rate reached to 36% and 56% respectively (Fig. 8A) . The tumor volume was dramatically decreased to 68% and 46% of control group (Fig. 8B and C) . Furthermore, the body weight of the mice with drug treatment maintained constant in the whole treatment process. Taken together, these results verify the strong in vivo antitumor activity and safety of CnBu in A549 xenogra nude mice.
Histological and immunouorescent analysis was introduced to study the mechanism involved in CnBu-induced growth inhibition in vivo. As shown in Fig. 9 , from the results of TUNAL-DAPI co-staining assay, signicant increase of DNA fragmentation was observed as evidenced by the increase of the green uorescence, indicating the occurrence of cell apoptosis in vivo. Moreover, as shown in Fig. 10 , signicant inhibition of blood vessel formation and cancer cell density was also observed in tumor aer administered with 2.5 and 5.0 mg kg
À1
CnBu. The expression of Ki-67, a biomarker of proliferation, was remarkably suppressed with treatment of different concentrations of CnBu in a dose-dependent manner. Furthermore, the expression of phosphorylated p53 (p-p53) increased signi-cantly aer 28 days of treatment with CnBu.
Taken together, all these results demonstrated that CnBu signicantly suppressed the proliferation of tumor by initiating cell apoptosis with the involvement of p53 phosphorylation.
Conclusions
In summary, the in vitro and in vivo anticancer activities of CnBu were examined against human lung cancer cells, and the underlying mechanisms were elucidated in this study. Our ndings indicated that CnBu effectively inhibited lung cancer cell growth, migration, and invasion via the induction of cell apoptosis. Treatment of CnBu signicantly led to the mitochondrial fragmentation and ROS overproduction in lung cancer cells. Interestingly, addition of ROS scavenger signi-cantly inhibited the CnBu-induced cell death, indicating the important roles of ROS in cell apoptosis. Moreover, CnBu exhibited strong antitumor activity in vivo by inhibiting tumor growth through induction of cell apoptosis in vivo and activation of p53 phosphorylation. Hence, this study conrms the anticancer efficacy of bufadienolides in the treatment of human lung cancers.
Materials and methods

Reagents and materials
Cinobufagin (CnBu), arenobufagin (ArBu) and bufalin (Bu) standards were provided by Tauto Biotech Co., Ltd. (Shanghai, China). The purity of CnBu was veried by using high performance liquid chromatography (HPLC). Other reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).
Cell lines and cell culture
Human lung cancer cell lines used in this study (A549, NCI-H460, H1299, Sk-mes-1 and Calu-3) and BEAS-2B human normal bronchial epithelial cells were obtained from American Type Culture Collection (ATCC, Manassas, VA) and GuangZhou Jennio Biotech Co., Ltd (Guangzhou, China). The cells were cultured and maintained in RPMI 1640 and DMEM medium supplemented with fetal bovine serum (10%), penicillin (100 units ml À1 ) and streptomycin (50 units ml À1 ) at 37 C in a humid incubator with 5% CO 2 .
MTT assay
The effects of the tested drugs on the cell growth were determined by MTT cell viability assay on a microplate spectrophotometer (VERSA max, Molecular Devices).
55
Cell migration and invasion
To evaluate the inhibition effect of CnBu on cell migration and invasion, wound closure assay and transwell migration assay were performed as previously described.
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TUNEL assay and DAPI staining TUNEL-DAPI co-staining assay kit (Roche) was employed to detect the apoptotic cell death induced by ArBu as previously described.
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Determination of the caspase activity
The activities of caspase-3, -8 and -9 in cells treated with the tested drugs were monitored by uorometric method using specic caspase substrates (Ac-DEVD-AFC for caspase-3, Ac-IETD-AFC for caspase-8 and Ac-LEHD-AFC for caspase-9).
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Measurement of intracellular reactive oxygen species (ROS) generation
The effects of CnBu on intracellular ROS generation in A549 cells were monitored by DHE assay. 59 The ROS levels were expressed as percentage of treated cells to that of control.
Tumor xenogra in nude mice
A549 cells (5 Â 10 6 ) suspended in 200 ml PBS were injected s.c into the right lower hind ank of each six-week-old male nude mouse. The mice were randomly assigned into three groups with 5 mice in each group. Aer ten days, ArBu dissolved in the solution (DMF v : Tween-80 v : saline v ¼ 10 : 2 : 88) was given i.p. (2, 4 mg kg À1 body weight every other day) for 20 days. Body weights and tumor dimensions were monitored as previously described. 60 Animals were maintained in accordance with the guidelines of the Southern Medical University, China, and approved by the institutional ethical committee (IEC) of Southern Medical University.
Histology and immunohistochemistry
Glutaraldehyde-xed tumor specimens were embedded with paraffin and cut into 5 mm thin sections. Each tissue section was deparaffinized and underwent hematoxylin and eosin for histology observation. Immunohistochemistry analysis was performed with anti-p-p53 (Ser 15 ) and ki67 antibody (1 : 100) and biotinylated IgG antibody. 60 To identify the apoptosis in tumor section, TUNEL & DAPI staining assay was performed according to the manufacturers' protocols.
Statistical analysis
In this study, all experiments were performed at least in triplicate, and the data were presented as mean AE standard error. Difference between two groups was analyzed by two-tailed Student's test, and that among three or more groups was analyzed by one-way ANOVA multiple comparisons. Difference with P < 0.05 (*) or P < 0.01 (**) was considered statistically signicant.
